OBJECTIVES: Aortic valvuloplasty could represent an alternative to valve replacement resulting in optimal haemodynamic conditions, avoiding anticoagulation and allowing, in young people, normal aortic annulus growth. We analysed our results of aortic valve repair for incompetence due to leaflets and root pathology.
INTRODUCTION
Aortic valve repair (AVR) seems a good alternative to aortic valve replacement, especially for young people. It has many advantages: no need for anticoagulation, respect of aortic root physiology and kinematics, absence of prosthetic material and consequently a lower possibility of bacterial endocarditis. Although Starr et al. [1] described in the 1960s the first aortic valve reconstructions, we can observe a remarkable delay in aortic valve reparative surgery affirmation in comparison with mitral valve repair. Only in the last years cardiac surgeons moved again their interest from mitral to aortic root reconstruction and aortic leaflet valve repair. This trend appears evident from a bibliographic research on PubMed. Searching for the entries 'aortic valve repair' or 'aortic valve sparing', we found 11 papers matching between 1960 and 1990, 84 papers from 1990 to 2000, 123 articles from 2000 to 2005 and finally 303 papers published between 2006 and 2013. This time discrepancy between aortic and mitral reconstructive surgery is mainly due to anatomical and patho-physiological reasons: different number of leaflets and, as a consequence, of coaptation surfaces; different annulus structure, a ring in mitral valve, in comparison with a scalloped, crown-like shape in aortic valve; multiple mechanisms at the base of regurgitation.
Despite the relatively recent statement of this kind of surgery, aortic valve repair has now reached a good standardization level, with good immediate results presented by dedicated groups in the literature. The durability of this conservative approach in terms of freedom from reoperation and freedom from significant aortic regurgitation (AR) is the next goal to be achieved.
On these bases, we analysed our repair techniques for aortic leaflet and root pathology, our learning curve and our results in the first decade of activity, in order to better define the long-term results of this kind of procedures and of the different surgical acts.
PATIENTS AND METHODS

Inclusion criteria
We prospectively identified 235 patients with the diagnosis of aortic valve incompetence due to leaflet prolapse, root dilatation, fibrosis or retraction based on echocardiography criteria, from January 2003 to January 2013, to be treated with aortic valve repair techniques. They represent 30.2% of the total aortic valve procedures during the same period. This study was carried out in accordance with the recommendations of The World Medical Association Declaration of Helsinky [2] . Each patient was given a description of the type of procedure he/she would be subjected to with the pros and cons of the repair procedure versus valve replacement and the risk of a possible reoperation. Of these patients, 8 died before discharge (3 aortic rupture, 1 multiorgan failure, 2 acute lung injury, 1 pulmonary embolism, 1 cardiac tamponade); in 7 patients we did not accept the result of the repair at the immediate transoesophageal postoperative control and so they immediately underwent aortic valve replacement. All these cases of immediate aortic valve replacement occurred in the first 3 years of our reparative activity. Indeed, 2 patients were reoperated on at distance for bacterial endocarditis. Being the analysis of the longterm effects of aortic valve repair techniques the precise purpose of our study, we decided to exclude them from our analysis because, in these 2 cases, the repair failure was clearly due to the infection and not to an inadequate surgical procedure. In conclusion, we focused our attention on 218 patients that represent the object of our study in order to analyse and to understand the effects and the results of AVR in the long term. The preoperative charcteristics of the patients are summarized in Table 1 .
Preoperative assessment
According to our institution's preoperative criteria, all patients were hospitalized a few days before the procedure for routine preoperative exams (blood samples, ECG, chest X-ray), for coronary catheterization if significant risk factors were present or the patients were older than 45 years of age, and to check carotid permeability if older than 60 years.
In all patients, transthoracic echocardiography (TTE) was performed preoperatively to assess aortic valve pathology and left ventricular function and to determine the presence of an associated mitral or tricuspidal disease. The degree of valvular regurgitation was evaluated as grade 0-IV. In addition, transoesophageal echocardiography (TEE) was done intraoperatively before the extracorporeal circulation (ECC) was set to analyse the exact mechanism of regurgitation.
Repair technique
The surgical approach was complete median sternotomy for all patients; cardiopulmonary bypass was instituted by cannulation of the ascending aorta and the right atrium appendage or, if a mitral or tricuspidal repair had to be done, by cannulation of both venae cavae. After aortic cross-clamp and induction of diastolic cardiac arrest by infusion of a cardioplegic solution (St. Thomas® or Custodiol®) into the coronary ostia, the aortic valve and the root were inspected in order to choose the adequate repair procedure.
We standardized our technique dividing the procedure into four different steps: (i) valve analysis; (ii) leaflets repair; (iii) aortic functional unit repair; (iv) aortic functional unit stabilization.
(i) Valve analysis: transverse aortotomy was done larger than three-fourth of the aorta to achieve a complete visualization and three commissural exposure sutures (4-0 monofilament) were placed to permit adequate analysis of the aortic root. Great attention was paid to avoid leaflet distortion due to inadequate traction of these exposure sutures. Moreover, a complete leaflet analysis was performed to identify the presence of the 'prolapsing lines' defined as concentric circle arcs parallel to the free margin, frequently present in the prolapsing part of the leaflets, and to detect the presence of fenestrations. A 6-0 monofilament suture was passed through the three Aranzius nodules together to gain a perfect leaflet exposure and to be able, with the commissural sutures, to identify and measure leaflet prolapse and to choose the adequate surgical technique. (ii) Leaflet repair: Excision of the thickened or calcified free margin tissue, if present, was performed by a shaving technique, to restore a normal leaflet motion. Triangular resection or leaflet plicature using a 6-0 monofilament was used in the presence of leaflet prolapse usually in the central part of the leaflet for better quality of the cusp tissue. If only a small prolapse was present, it was corrected by free margin continuous small plicatures using a CV-7 Gore-Tex® running suture (free margin remodelling). Alternatively, free margin elevation of the prolapsing leaflets was achieved by simply weaving an appropriate length of the Gore-Tex® suture. If calcified or fibrotic tissue was present hampering the leaflet motion, as in a calcified raphe in bicuspid valves, a complete excision followed by autologous non-treated pericardial patch replacement was performed using two 6-0 monofilament complete sutures. (iii) Aortic functional unit repair: If the main lesion was ascribed to a dilatation of the sinuses of Valsalva, an aortic valve sparing technique (reimplantation or remodelling, complete or partial) was performed before the leaflet repair. At the beginning of our experience on AVR in presence of a ventriculo-arterial junction (VAJ) and/or sinotubular junction (STJ) dilatation, an interleaflet triangles annuloplasty followed by a STJ plasty upon the three Valsalva sinuses middle line was performed using Teflon® reinforced 2-0 braided sutures to restore the diameter of the so-called functional aortic annulus (FAA) [3] . In the last 2 years, we moved on to interleaflet triangle reshaping in case of normal or mild dilatated VAJ, or to the reimplantation sparing procedure in the presence of dilatated VAJ. (iv) Aortic functional unit stabilization: a complete repair of aortic root must always be achieved even if in the presence of a not evident disease to gain the 'aortic functional unit stabilization'. A free margin reinforcement of all cusps was performed by a CV-7 Gore-Tex® continuous over and over suture from commissure to commissure to gain a better structural solidity and to fix and stabilize the free margin length and its relations with the commissures.
In Fig. 1 , we can observe the distribution of the surgical techniques applied in the totality of the patients enrolled in this study.
Postoperative assessment
Immediately after the procedure, a TEE was performed to analyse the anatomical and functional characteristics of the repaired valve.
We considered a residual AR of ≤II grade with a coaptation length of ≥4 mm and a coaptation height equal to at least half of the sinuses of Valsalva height as acceptable results. Before discharge, patients were evaluated with a TTE to control the stability of the surgical results in a more stable haemodynamic situation and after medical therapy adjustment.
Follow-up assessment
Short-term follow-up (FU) was achieved after 3 months by a scheduled outpatient visit; on this occasion, we recommended performing a complete TTE after 6 months and afterwards, in the presence of stable reports, annually.
All patients were interviewed by telephone periodically according to a prepared questionnaire obtaining information about NYHA class, cardiological hospitalizations and eventual reoperation for aortic valve disease; on this occasion, we also asked patients to send us the report of their latest echocardiogram.
During the year 2012, we reassessed the majority of the enrolled patients with an echocardiogram and a cardiological evaluation.
All data were then recorded on a Microsoft Excel (©, Microsoft Corporation) database for further analysis.
Statistical analysis
All statistical analyses were performed using the SPSS® 13.0 software (SPSS, Inc., Chicago, IL, USA). Continuous data are presented as mean ± standard deviation. Normal distribution was tested using both the Kolmogorov-Smirnov statistics with a Lilliefor's significance level and the Shapiro-Wilk statistics. Student's t-test was used after evidence of normality. Repeated-measure ANOVA with the Bonferroni post hoc corrections was used for multiple comparisons. Non-continuous data are presented as (25°-75°percentile). Nominal data are presented as the absolute frequency or as a percentage. Survival analysis, freedom from AR >2 and from reoperation were determined using the Kaplan-Meier method and were presented as survival ± standard error. The log-rank test was used to compare different Kapan-Meier curves. Preoperative aortic root functional unit diameters that showed a level of significance of P < 0.2 at univariate analysis were selected to compose a Cox multivariate regression model with penalized survival methods specifically designed for models with rare events.
Statistical significance was considered for a P value of ≤0.05. The values are rounded to the second decimal.
RESULTS
Operative results
No patients died in the operative room. The mean ECC time was 123.58 ± 44.38 min, while the mean aortic cross-clamp time was 101.94 ± 40.22 min. The associated surgical procedures were myocardial revascularization in 31 patients (14.22%); mitral valve repair/replacement in 34 (15.60%); tricuspid valve repair in 9 (4.13%). The mean postoperative hospitalization was 10 ± 6.69 days. 
Echocardiographic analysis
In Table 2 , we compare echocardiographic parameters before surgery, after surgery and at long-term FU.
Survival analysis
The median FU was 2.94 (1.41-5.41) years. Six patients (2.75%) died at FU, 2 from cardiac causes (aortic dissection, cardiac failure) and the other 4 for non-cardiac reasons (1 renal failure, 2 malignant tumours, 1 acute lung injury). The survival was 91.8 ± 4.3% at 9.24 years.
To include in the analysis at least 75% of patients, we studied the freedom from AR >2 (95.00 ± 1.9%) and the freedom from reoperation (96.6 ± 1.5%) at 5 years.
Freedom from reoperation was 94.5 ± 2.5% at 9.24 years (Fig. 2 ). Six patients (2.75%) were reoperated on and underwent aortic valve replacement with a bioprosthesis (2 for leaflets prolapse, 2 for leaflets retraction, 1 for free margin fibrosis, 1 for virtual basal ring (VBR) dilatation).
Freedom from AR >2 was 92.9 ± 2.8% at 9.24 years ( Fig. 2) . Among all patients operated on for AVR, 8 (3.67%) showed a residual regurgitation >2 at FU: 6 patients were reoperated on and the remaining 2 did not undergo a new surgery because they were asymptomatic, the left ventricle (LV) function was still preserved and echocardiographic reports were stable at subsequent controls.
We analysed, by Kaplan-Meier freedom from AR >2, every single surgical technique used, separating each time the patients in two groups (technique applied/not applied) for aortic root replacement, ascending aorta replacement, interleaflet triangle reshaping, free margin shaving, leaflets plicature and resection, free margin remodelling/reinforcement and pericardial patch. None of these comparisons resulted to be statistically significant and none of the previous techniques was used alone in a repair procedure but the interleaflet triangle reshaping. Nevertheless, the univariate results associated with the influence of LV and root dimensions on follow-up outcomes were used to build a Cox model. The only hazard ratio statistically relevant on the freedom from AR >2 was the left ventricle end-diastolic diameter (LVEDD) (adjusted HR 1.082, 95% confidence interval 1.000-1.172, P = 0.05; Table 3 ).
Freedom from AR >2 in patients with normal (<25 mm) VBR was 92.5 ± 3.3%, while in patients with dilatated VBR (≥25 mm), it was 95.2 ± 3.3% (log-rank test = 0.001, P = 0.97; Fig. 3 ).
To analyse more clinically significant aspects of AVR, we clustered techniques to simulate the most common and simple repair procedure the FAA repair with replacement of the ascending 
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A. Mangini et al. / Interactive CardioVascular and Thoracic Surgeryaorta, or STJ plasty, associated with interleaflet triangle reshaping compared with complex procedures defined as an association of different techniques with or without sparing procedures. In this setting, freedom from AR >2 was 98.0 ± 1.9% for the simple procedures versus 90.1 ± 4.1% for complex procedures (log-rank test = 2.05, P = 0.15; Fig. 4 ). Freedom from AR >2 in FAA repair with normal VBR (<25 mm) was 100%, while in patient with dilatated VBR (≥25 mm), it was 90.0 ± 9.5% (log-rank test = 4.10, P = 0.04; Fig. 3 ). We analysed freedom from AR >2 in a group of patients in which leaflets were repaired ( plication, triangle resection or shaving): 89.5 ± 4.4% compared with not touched 98.2 ± 1.8% (log-rank test = 2.52, P = 0.11; Fig. 5 ).
DISCUSSION
AVR can represent an important alternative to aortic valve replacement many reasons: optimal haemodynamic conditions, no need for anticoagulation, more physiological VBR growth in young patients and lower valve-related complication rate [4, 5] . In the last 20 years, a considerable improvement in aortic root anatomy understanding has been accomplished; moreover, a better knowledge of aortic valve physiology has gradually led us to appreciate the role of adjacent structures in modulating leaflet movements [6] . The early concepts of 'leaflets in a rigid tube' and that aortic valve opening is induced only by the flow of blood streaming from the LV has almost changed [7] . The mechanism by which the aortic valve opens and closes involves the whole aortic complex, composed of leaflets, commissures, supporting interleaflet tissues, annulus, sinuses of Valsalva and STJ [8] . Aortic root dilatation is the most frequent isolated factor determining aortic insufficiency followed by leaflet alterations ( prolapse, congenital anomaly and degenerative alterations); these two kinds of pathology often coexist. Different surgical procedures have been studied to correct aortic root dilatation and aortic leaflet pathology [6] . In this study, we analysed immediate and mid-term results of this functional unit reparative approach. In Table 2 , we summarized differences in terms of diameters and volumes between the preoperative, postoperative and at FU echocardiographic analysis. The comparison between preoperative and FU was made to highlight recurrence of pathological values or further improvement. After the surgical procedure, the ejection fraction (EF) has a slight but significant reduction completely restored at FU. The left ventricle end-diastolic volumes (LVEDV), left ventricle end-systolic volumes (LVESV) and left ventricle end-systolic diameters (LVESD) are reduced continuously. On the contrary, LVEDD shows a significant reduction between preoperative and postoperative followed by a new increase at FU but still statistically different compared with the preoperative one. A similar behaviour is found in the VBR diameters with an immediate reduction followed by a new increase not any more statistically different from the preoperative value. The STJ undergoes a diameter reduction after surgery that is maintained at FU. Aortic root and ascending aorta dimensions decrease in a statistically significant way after surgery and, at FU, they result to be substantially stable. The pressure drop (measured in mmHg) increases after repair but decreases at FU to preoperative values (P not significant). However, the postoperative maximum aortic gradient (19.61 ± 9.67 mmHg) cannot be considered clinically relevant for an induced valve stenosis and is comparable with bioprosthesis flow characteristics.
Concerning the aortic leaflets free margin, Mercer et al. [9] and Sutton et al. [10] suggested that the parabolic shape of the aortic valve forms a suitable support similar to that of a suspension bridge, both at the attachment of the leaflets to the aortic wall and along the thickened coapting portions of the free edge. Brewer et al. [11] showed a 16% aortic root diameter increase at the level of the commissural attachments underlining how this phenomenon contributes to the valvular opening by modifying the free edge parabolic shape as the support poles of a bridge do during tilting back. This analogy underlines that maintaining or restoring the free edge continuity, length and thickness during a repair procedure is as important as respecting the length and the diameter of the bridge support cables to transmit the movements of the support poles to the valves. Moreover, aortic root dilatation may also cause a compensatory free margin elongation and thickening, not completely correctable by plicature or replacement of the STJ alone [12] . During surgical activity, we employed different techniques in order to restore a normal aortic leaflet morphology, especially in the free margin portion. If the free margins were thick, calcific or fibrotic, we used shaving (43.12% of patients) to eliminate the impaired tissue, giving back to the leaflets a suitable motility. Prolapse, when evident, was corrected by means of plicatures in case of good quality of leaflets (19.72% of patients), with resection in presence of very thick or lengthened leaflets (7.8% of patients) and finally with resection followed by pericardial patch positioning and suture when leaflets showed wide calcific or fibrotic portions (10.09% of patients). Free margin reinforcement/ remodelling with Gore-Tex CV7® (35.32% of patients) was carried out under two different circumstances: to correct minor prolapses and to stabilize leaflet free margin after shaving or resection. From the literature analysis, an increasing agreement towards plicature is now starting, as it turns out to be a simple, quick and very versatile technique [13] ; the group of Schäfers has always applied diffusely this reparative act to correct aortic leaflet prolapse. Already in a study conducted in 2004 examining a population of 282 patients that underwent AVR, in 157 of whom the prolapse had been corrected with plicature and only in 36 patients a triangular resection had been chosen [14] . Our experience seems to follow closely this trend. As shown in Figure 1 , there are much more reparative surgeries carried out with plicature with regard to resection, with or without patch repair. For this reason, we investigated the differences between repairing leaflets and not touching them. The difference (Fig. 5) is not statistically significant but the trend seems to be better for the aortic valve without leaflet repair underlining a more complex surgical procedure.
Our analysis concerning normal VBR (<25 mm) versus dilatated VBR (>25) both in the FAA repair cohort and in all patients, regardless of the repair technique used, suggested that the VBR diameter is a risk factor for repair failure, as already described by other groups, only if not completely treated. When we compare the whole population by means of VBR diameter, KaplanMeier analysis failed to underline statistically significant differences (P = 0.97), pointing out that if an adequate technique is used, we can achieve optimal results. The traditional subcommissural annuloplasty described by Cabrol seems to be adequate to increase valve functional reserve by increasing coaptation length and coaptation height, also called effective height, but fails to stabilize in the time the VBR diameter. Our data underline that this phenomenon is more evident if the Cabrol stich is applied in a dilatated ventriculo-aortic junction. For these reasons, we prefer the idea of interleaflet triangle reshaping to subcommissural annuloplasty. We believe it is a very useful and easy technique but could not be considered an annuloplasty. Moreover, the Cox model showed that between the preoperative variables the LVEDD is the only independent risk factor for AR >2 (Table 3) underlining the importance of an early surgical indication before LV dilatation occurs and regardless of ARFU dimensions. LV dilatation could drive to a VBR dilatation, which is currently one of the most difficult abnormalities to repair without an aortic valve sparing procedure invoking an easy-to-implant device for ventriculo-aortic junction stabilization.
Other causes of AR are both the STJ dilatation and the distortion of one or more Valsalva sinuses described by Furukawa et al. [15] . The sinotubular ridge is thicker than the adjacent sinuses, is circular, delineates the beginning of the ascending aorta and supports the peripheral attachments of the valvular leaflets. Continuing with the bridge analogy, the ridge seems to represent the support structure of the valve. Any STJ dilatation could lead to AR depending on the length of the aortic valve free margin and coaptation surface. We use to plicate the STJ when ascending aorta replacement is not indicated, in order to regain a structural solidity of the functional unit to avoid future dilatation and to redirect any distortion of the Valsalva sinuses. A STJ plicature exactly upon the Valsalva sinus middle line could increase the motility of the concomitant leaflet if overcorrected or if still affected by retraction by drawing up the commissures. This procedure will also lower the coaptation line and could be a useful tool when necessary. On the contrary, a STJ plicature upon commissures will reduce the diameter without interfering with the leaflet motility.
In subjects with a bicuspid aortic valve, the freedom from AR >2 was 97.9 ± 2.1%; the most used reparative techniques was leaflet resection followed by repair with a pericardial patch (autologous or treated). In the literature, results of bicuspid aortic valve repair are controversial. Ashikmina et al. [16] reported a freedom from reoperation of 49% at 10 years; on the contrary, the group of Schäfers related a freedom from reoperation of 81% at 10 years and they suggest that asymmetric commissural orientation forming an angle <160°is a predictive factor for reoperation for residual aortic valve regurgitation [17] .
We present the overall survival, the freedom from reoperation and freedom from AR >2 with very encouraging and comparable data. The group of El Khoury reported an overall survival of 96% at 8 years, a freedom from reoperation of 94% and a freedom from AR >2 of 91% at 4 years [18] ; Schäfers et al. [14] related a freedom from AR >2 of 94% and a freedom from reoperation of 98% at 5 years.
CONCLUSION
In the last 20 years, fundamental progresses have been accomplished in the field of aortic valve reparative surgery that contributed to make this surgical procedure an attractive alternative to aortic valve replacement for patients affected by aortic insufficiency pure or consequent to aortic root dilatation; the development of this process was possibly due to a better comprehension of the aortic root functional unit anatomy and of the pathogenetic mechanisms at the base of the AR. It is only because of this precious acquisition that new surgical techniques could have developed in order to restore valve continence and a good functional valve reserve [19] .
Aortic reparative surgery seems to be a good alternative to bioprosthesis. Data from the literature show how AVR trend is better than that of bioprosthesis [20] , but we don't have a FU long enough to compare with mechanical prosthesis. Moreover, AVR results have to be analysed in relation to anatomical and echocardiographic characteristics of native aortic valve and also considering the echo measurements carried out in the immediate preoperative period in order to identify predictive factors for the success or failure of the valve repair. Some of these criteria, for example the presence of an eccentric jet, the leaflet thickness and the absence of calcifications have already been identified as positive predictive factors for the good result of AVR; on the contrary, tissue deficiency and LV dilatation are indicative of bad outcomes of the repair [21] . Concerning echocardiographic postoperative parameters, particular attention must be given to the presence of a residual regurgitant jet and to the evaluation of coaptation in both its meaning, length and height [22] .
APPENDIX. CONFERENCE DISCUSSION
Dr D. Ngaage (Basildon, UK): Professor Antona and his group present a study describing their ten-year experience in a cohort of 218 patients. I'll make a comment and I'll ask you one question.
The study actually contains a lot of interesting data, which I think is impaired by the study design. I feel that a more efficient interpretation of the data would be possible if you considered a comparison with a cohort of patients who underwent aortic valve replacement to be able to conclude that it is a better alternative to aortic valve replacement. The objective of the study has not been clearly stated, and I think if you do that, it will enable you to make that comparison. My question is, did you consider comparing your study population to a group of patients who underwent aortic valve replacement?
Then my comment. Most of the long-term data survival analysis at ten years had no patients at risk. After six years, the patients at risk were in single digits. So I think perhaps you should consider reporting the six-year survival rather than the ten-year survival.
Dr Mangini: In Kaplan-Meier analysis at 10 years, you never reach that point with all of the patients achieving ten years of follow-up. So we say ten years because our experience started ten years ago, and we studied patients for ten years, from the very first case that we operated on for an aortic valve repair procedure.
In terms of considering repair versus replacement, such a comparison could be a good idea and of great interest, but it wasn't the aim of this study. Our idea was to verify our experience and to discover whether there were any errors in terms of surgical technique. As you have seen from this presentation, we decided not to include endocarditis because we focused our attention on the surgical techniques and the results. So, are we doing something wrong with our technique? Is it better to modify our surgical approach? Is it better to stabilize the ventricular aortic junction in a different way? But, of course, it's a very good point to be addressed in a future study based on the same population.
Dr T. Hanke (Lübeck, Germany): You were looking at aortic regurgitation of >2 after 10 years. That means 3, which is 100% failure. Did you also look at aortic regurgitation grade 2?
Dr Mangini: No, more than 2. So grade 2 (in a scale of 0 to 4) is accepted. Dr Hanke: Is it? Dr Mangini: More than 2. So 3. Dr Hanke: Well, if we look at interventional aortic valve replacement in the literature, an aortic regurgitation of 2 is predictive of bad outcome. So maybe it would be nice if you could also look at aortic regurgitation grade 2.
Dr Mangini: A lot of groups have published using grade 2 of aortic regurgitation as the cut-off. So greater than 2 is what we consider not acceptable. Of course, going down, you can have slightly different results.
Dr P. Kappetein (Rotterdam, Netherlands): I think the last question was correct, that it is predictive for outcome. The only thing that you could argue is that these are patients who had aortic valve insufficiency, and they seem to tolerate aortic valve insufficiency better. In the TAVI population most patients have an aortic valve stenosis and if they get a paravalvular leakage it may have a different effect compared to a patient with aortic insufficiency.
Dr Mangini: Yes, exactly.
